ABSTRACT
INTRODUCTION
Human cytomegalovirus (HCMV), a member of the Herpesviridae family, is found in 50%-90% of the adult population. Infection with HCMV can have serious consequences in individuals with acquired immune deficiency syndrome or in those who have been immunocompromised, and to the fetus during pregnancy [1, 2] . Of mothers infected for the first time during pregnancy, 40% transmit HCMV to their fetuses, whereas only 0.5% of mothers who are seropositive prior to pregnancy transmit the virus [1] [2] [3] . It is thus among one of the most commonly vertically transmitted diseases with a frequency of 0.5% to 2.0%.
During pregnancy, the placenta is the interface between the mother and the fetus. At term, maternal blood flows through the ϳ10 m 2 of intervillous space to exchange oxygen and nutrients with the fetal circulation by way of the villous trophoblast and the fetal capillary circulation [4] . The villous trophoblast comprises a continuous nonreplicative outer layer, the syncytiotrophoblast (ST), which is in contact with maternal blood, and a discontinuous proliferative layer, the cytotrophoblast (CT), which fuses with and replenish the ST layer as it thins. Beneath the CT, and much of the ST, run the basement membrane and the villous stroma, which contain fibroblasts, macrophages, and the fetal endothelium. Villous trophoblast involvement in the vertical transmission of HCMV is indicated by its infection in vivo [5] [6] [7] and the productive infection of primary trophoblasts in vitro [8, 9] .
HCMV gene expression occurs in three temporal classes: immediate early (IE), early, and late. The most abundantly transcribed IE region is the ie1/ie2 locus, which encodes proteins of 72 kDa (IE1-72), 86 kDa (IE2-86), and 55 kDa (IE2-55, a splice variant of IE2-86), [10, 11] . These viral proteins are potent transactivators that are necessary for productive infection and are involved in the regulation of cellular gene expression [10, 11] .
HCMV is often found in placentas with villitis, inflammation of the placenta [4, 5, 12, 13] , which is accompanied by a focal loss of the trophoblast [4] . The major infiltrating leukocytes in villitis associated with HCMV or with villitis of unknown etiology are mononuclear phagocytes [14, 15] , which suggests these are involved in the disease. Monocyte adhesion to ST-like cultures in vitro is mediated by intercellular cell adhesion molecule (ICAM)-1, which can be stimulated by the inflammatory cytokines interleukin (IL)1␤, tumor necrosis factor (TNF)␣, and interferon (IFN)␥ [16] . Such adhesion leads to TNF␣-mediated apoptosis [17] , suggesting that villous ST upregulation of ICAM-1 is an early step in villitis.
ICAM-1 is a ϳ100-kDa membrane glycoprotein, the expression of which is associated with tight immune-cell binding to the vasculature [18] . It mediates cellular interactions by binding to its receptors on leukocytes, leukocyte function-associated molecule (LFA)-1, and the C3 complement receptor MAC-1 [19, 20] , although on trophoblasts, ICAM-1 appears to mediate monocyte binding solely through LFA-1 [16] . ICAM-1 is expressed at relatively low levels on the villous trophoblast unless stimulated by an infection such as Plasmodium falciparum [16, 21, 22] . In a number of endothelial and epithelial cell lines, HCMV infection results in the increased expression of ICAM-1 [23] [24] [25] [26] [27] [28] . However, nothing is known of the effect of HCMV infection on villous trophoblast expression of ICAM-1.
Using highly purified (Ͼ99.99%) CT differentiated into ST-like cultures, we show here that HCMV-1 infection (or expression of IE1-72, IE2-86, and IE2-55 genes) upregulates ICAM-1 expression. It is interesting that ICAM-1 ex-pression is stimulated by HCMV in a paracrine fashion (on noninfected cells) by TNF␣ and to a lesser extent by IL1␤, but its expression in infected cells is induced in a manner independent of these two cytokines.
MATERIALS AND METHODS

Cells
Human term villous CTs were isolated from placentas obtained after normal term delivery or elective cesarean delivery from uncomplicated pregnancies (with patient consent and ethics approval from the Capital Health Region, Edmonton, Alberta, Canada) and purified by immunoelimination of CD9-, major histocompatibility complex (MHC) class I-, and MHC class II-expressing cells as previously described [29] . The purified cells were routinely cryopreserved [29, 30] and, after thawing, were washed twice in Iscove modified Dulbecco medium (IMDM; Gibco, Grand Island, NY) supplemented with 2% fetal bovine serum (FBS; Gibco). The cells were seeded at 10 5 per microwell per 100 l of 10% FBS-IMDM (Gibco) and incubated for 4 h at 37ЊC in a 5% CO 2 humidified atmosphere. Nonadherent cells and debris were removed with prewarmed IMDM and the cells were replenished with 10% FBS-IMDM. All preparations contained fewer than 10 vimentin-positive cells (fibroblasts) per microwell after the 4-h wash. Syncytialization of cultured CTs was induced by treatment with 10 ng/ml of recombinant human epidermal growth factor (EGF) (Pepro-Tech, Rocky Hill, NJ) for 5 days as previously described (operationally termed ST-like cultures) [31] .
Human embryonic lung fibroblasts (HELs) were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and propagated in Eagle minimum essential medium (MEM) supplemented with 10% FBS and 50 g of gentamicin per milliliter as previously described [8, 29] .
Virus Preparation, Culture Challenge, and Assessment of Infection Cytomegalovirus (CMV) laboratory strain AD169 and a green fluorescent protein (GFP)-expressing CMV recombinant strain, RVdlMwt-GFP, henceforth termed gfp-CMV [32] , were passaged on confluent HEL cells in 2% FBS-MEM as previously described [8] . Infectious virus was recovered by freezing and thawing the cultures three times. The lysate was passed through 0.45-m pore-size filters (MILLEX-HV; Millipore Products Division, Bedford, MA) and stored in liquid nitrogen until use. Virus titers were determined by inoculating confluent HEL cultures in 96-well plates with dilutions of each virus in serum-free MEM. The plates were then centrifuged for 45 min at 2500 ϫ g in a GCL-2 Sorvall centrifuge, the wells were washed five times with warm MEM, and the plates were incubated for a further 18 to 20 h in fresh 2% FBS-MEM. The cultures were fixed in ice-cold methanol and immunohistochemically stained for CMV IE antigen as described below. Each IE-positive nucleus is equated to an infection focus (IF) of virus, and the titer of virus was determined within a linear dose-response concentration range as IF/milliliter.
UV inactivation of HCMV occurred by exposure to UV light (30 W germicidal; samples were exposed at a distance of 20 cm from the UV source) on ice for 20 min. Virus-free supernatant was obtained by filtering HCMV batches through a 0.1-m pore-size syringe top filter (Millipore). UV inactivation and complete filtration was assured by the absence of IEpositive nuclei in trophoblast cultures.
Infections were carried out at a multiplicity of infection (MOI) (the ratio of inoculating virus IF to the number of nuclei in the culture to be infected) of 10 in serum-free IMDM for 2 h at 37ЊC in 5% CO 2 . The number of trophoblasts present in microwells was determined from parallel cultures by enumerating the number of nuclei in CT and ST-like cultures by 4,6-diamidino-2-phenylindole (DAPI) staining (see below). A 10-fold higher IF of virus (or an equal volume of UV-inactivated or virus-free supernatant from the same preparation) was then added. Cultures were infected with AD169, washed twice with PBS, and fixed with 4% paraformaldehyde for 10 min at room temperature (RT). Trophoblasts were then washed three times with PBS in preparation for immunofluorescence (see below). Cultures infected with gfp-CMV were washed five times on Day 1 with warm 2% FBS IMDM. Next, 10% FBS IMDM containing EGF was added and changed at Day 3. The culture was continued to Day 4 (GFP expression can be seen at this time) and then fixed with 4% paraformaldehyde.
Plasmids and Transient Transfections
All plasmids were propagated in Escherichia coli DH5␣ isolated by standard procedures, and the plasmid DNA was purified with a Qiagen Plasmid Maxiprep kit (Qiagen, Mississauga, ON, Canada). Plasmids pcDNA3-IE1-72, pcDNA3-IE2-55, and pcDNA-IE2-86 (a kind gift of A. Yurochko, Louisiana State University, Baton Rouge, LA) express the HCMV IE proteins IE72, IE55, and IE86, respectively [11] . The backbone vector pcDNA3 (Invitrogen, San Diego, CA) was used as a negative control. Trophoblasts were cultured in microwells as described above and transfected with Lipofectamine 2000 (Invitrogen)/plasmid DNA complexes as follows: 700 g of DNA in 25 l of Opti-MEM (Invitrogen) was mixed with 0.5 l of 1 mg/ml Lipofectamine 2000 diluted with 25 l of Opti-MEM, then added to a microwell containing 100 l of 2% FBS/ IMDM. The transfection efficiency was 15% to 25%, as determined IE by immunofluorescence as described below.
Immunofluorescence Staining
ST-like cultures were challenged with virus-free supernatant, UV-inactivated virus, AD169, or gfp-CMV as described above. Following incubation, cells were washed twice with PBS, fixed with 4% phosphatebuffered paraformaldehyde for 10 min at RT, and washed three times with PBS again. Trophoblasts were then incubated with 10% goat serum (Zymed/Intermedico, Markham, CA) to block nonspecific binding. Primary antibody against ICAM-1 (1 g/ml) (ICOS Corporation, Bothell, WA) or its isotype control, immunoglobulin G1 (IgG1; DAKO Corporation, Carpinteria, CA), was then added and allowed to incubate for 60 min at RT. After thorough washing with PBS, Alexa Fluor 546 goat anti-mouse IgG conjugate (Molecular Probes, Eugene, OR) was diluted in PBS to 1 g/ml, and 50 l was added to each well for 60 min at RT, after which cells were washed five times with PBS. Visualization and analysis of immunofluorescence is described below.
Two-color fluorescence analysis was carried out in parallel cultures to determine total nuclei number and the fraction of nuclei expressing HCMV IE proteins. After methanol fixation and PBS washing, nonspecific binding sites were blocked with 3% skim milk/0.5% Tween 20/PBS at RT for 30 min. Primary antibodies detecting CMV IE (detecting p72, p55, and p86; Specialty Diagnostics, Dupont, Billerica, MA) or its isotype control, IgG1 (DAKO Corporation), were added and incubated at RT for 1 h. The primary antibody was then removed and the cells were washed five times with PBS. Next, Alexa Fluor 546 goat anti-mouse IgG conjugate (Molecular Probes) was diluted in 3% skim milk/0.5% Tween 20/PBS to 1g/ml each, and 50 l was added to each well for 60 min at RT. The cells were washed with PBS five times and nuclei were visualized with 100 l of 1.4 g/ml DAPI (Molecular Probes; 10 min, RT). The frequency of infection or transfection was determined by the number of IE-positive nuclei relative to the total number of nuclei.
Digital Photography and Analysis
Immunofluorescence was examined using an inverted phase contrast microscope (model Ds-IRB; Leica, Heerbrugg, Switzerland) equipped for epifluorescence with a 100 W high-pressure mercury lamp driven by a Ludl power source (Ludl Electronic Products, Hawthorne, NY). Nuclei and IE-positive nuclei were visualized under a DAPI filter (blue) and a rhodamine filter (red), respectively. ICAM-1 staining was visualized with a rhodamine filter, and digital images from each well were taken with a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI). The mean fluorescent intensity was determined by a digital analysis program, Image-Pro Plus (Media Cybernetics, Del Mar, CA) and normalized to the total number of nuclei per image. It should be noted that background fluorescence was corrected for each image by subtracting mean fluorescent intensity from IgG 1 -stained cultures. GFP expression from the gfp-CMV infected cultures was visualized using a fluorescein isothiocyanate filter (green). The ICAM-1 (red) and GFP (green) images were superimposed, and the percent areas of ICAM-1, GFP, and overlap (yellow) were determined using Image-Pro Plus. To determine the percent area of high ICAM-1 expression, a baseline fluorescence was first selected based on the average fluorescence intensity of control cultures. The area of fluorescence that was above the baseline fluorescence in infected or antibody-treated ST cultures was then measured using Image-Pro Plus. The following formula was used to determine the percent area of high ICAM-1 expression: Percent area ϭ (area of high ICAM-1 expression/total cell area) ϫ 100. 
TNF␣ and IL1␤ Neutralization
To neutralize TNF␣ and IL1␤ released in trophoblast cultures, 20 g/ ml of polyclonal anti-human TNF␣ (Upstate Biotechnology, Lake Placid, NY), 20 g/ml of polyclonal anti-human IL1␤ (R&D Systems, Minneapolis, MN), or both was added to the culture 2 h before virus challenge. After incubations, cells were washed with PBS three times, fixed with 4% paraformaldehyde, and ICAM-1 expression was analyzed as described above. The anti-IL1␤ antibody inhibited IL1␤, but not IL1␣, and stimulated ICAM-1 expression in trophoblasts (data not shown).
Statistical Analysis
Experiments for each figure were performed at least three times on trophoblasts isolated from two different placentas. Differences between experimental groups were evaluated by one-way analysis of variance with pair-wise multiple comparison procedures (Tukey test) using the SigmaStat program (Jandel Scientific, San Rafael, CA). Results were considered to be significant at P Ͻ 0.05.
RESULTS
HCMV Induces ICAM-1 Expression on the Surface of ST-Like Cultures
In order to determine whether HCMV infection of STlike cultures upregulated cell surface expression of ICAM-1, we carried out immunofluorescence analysis on paraformaldehyde-fixed cells treated with IFN␥, which is known to upregulate trophoblast ICAM-1 expression [16] , or challenged them with HCMV for 24 h (Fig. 1) . As expected, there was much greater cell surface immunofluorescence on IFN␥-treated cells than on untreated cells (Fig. 1, A and  B) . HCMV-infected cells had, visually, increased surface expression (Fig. 1A) by digital analysis of fluorescence emissions (Fig. 1B) and by Western blot analysis (data not shown) from three independent experiments. In contrast, treatment with UV-inactivated virus and virus-free supernatant did not induce ICAM-1 expression, suggesting that viral replication is required for upregulation.
HCMV-Induced ICAM-1 Expression Is Mediated by IE Proteins
The rapid nature of HCMV-induced ICAM-1 expression indicates that an early viral event is responsible. Trophoblast cell surface interactions with virus coat proteins are the earliest possible event; however, it is unlikely that virus entry would induce ICAM-1 expression, because UV-inactivated virus failed to do so. HCMV-induced ICAM-1 expression by human umbilical vein endothelial cells (HUVECs) is mediated by viral IE genes [23] . We therefore examined whether transcription of viral IE genes alone might induce trophoblast ICAM-1 levels.
HCMV IE promoter-driven IE expression plasmids carrying IE1-72, IE2-55, and IE2-86 [11] genes or the empty vector plasmid expressing only GFP were individually transfected into ST-like cultures, then cultured for 24 h. A transfection frequency of 15%-25% was achieved as previously described [31] . Following incubation, cell surface ICAM-1 expression was measured by immunofluorescence. All three IE proteins strongly induced ICAM-1 expression in the order of IE1-72ϾIE2-55ϾIE2-86, with IE1-72 stimulating expression almost as well as the positive control (IFN␥-stimulated cultures) (Fig. 2) .
The photomicrographs (Figs. 1A and 2A) combined with data from earlier experiments that show the infection frequency is Ͻ10%, indicating that ICAM-1 expression is rather widespread, and thus suggesting that cells other than those infected or transfected express higher levels of ICAM-1. To test this idea the distribution of ICAM-1 (cell surface [red] ) and virus replication (GFP expression [green]) was determined by two-color immunofluorescence (see Fig. 5A ). GFP expression was driven from the early gene UL127, which is nonessential for replication in culture. The results indicate that ICAM-1 is expressed both in culture areas near and at sites of viral replication, and therefore suggest some form of paracrine induction. However, they do not exclude concomitant direct induction.
TNF␣ Mediates Most of HCMV-Induced ICAM-1 Expression
We have previously shown that placental trophoblasts can release TNF␣ [31] , that TNF␣ stimulates ICAM-1 expression in ST-like cultures [16] , and that CMV-IE protein expression stimulates TNF␣ release [31] . Consequently, we examined whether HCMV-induced ICAM-1 was mediated by TNF␣. Excess neutralizing antibody to TNF␣ was added to cultures at the time of HCMV infection or CMV-IE transfection, and cell surface ICAM-1 expression was measured 24 h later by fluorescence emissions (Fig. 3) . The neutralizing TNF␣ antibody inhibited approximately 75% of CMV and CMV IE1-72-inducible ICAM-1 expression (total minus control) (Fig. 3) . After HCMV infection or IE expression plasmid transfection, these cultures contain approximately 10 pg/ml TNF␣ [31] . Antibody to TNF␣ at 20 g/ml is able to completely inhibit HCMV or IE-proteininduced apoptosis mediated by this concentration of TNF␣ [31] and is able to neutralize apoptosis induced by 5 ng/ml of exogenous TNF␣ (data not shown). We therefore conclude that 25% and 50% of HCMV and HCMV IE-induced ICAM-1 expression is independent of paracrine induction by TNF␣.
HCMV-induced ICAM-1 expression in endothelial cells is partly mediated by secretion of IL1␤ [24, 33] . Consequently, we next examined whether IL1␤ accounts for the HCMV-induced ICAM-1 independent of TNF␣. Excess neutralizing antibody to IL1␤ was added to the cultures during the time of challenge, and ICAM-1 surface expression was measured 24 h later by fluorescence emissions (Fig. 3) . The addition of neutralizing IL1␤ antibody did not have any significant effect, although a slight decrease was observed. Adding IL1␤ antibody in combination with TNF␣ antibody was marginally more effective than adding TNF␣ antibody alone; however, this again was not significant.
Although fluorescence emission gives an indication of the levels of ICAM-1 in the culture as a whole, it does not convey an impression of the distribution of ICAM-1. This can be determined by analyzing the photomicrographs for the percent area of high ICAM-1 expression (higher than control cultures). As with fluorescence emission, the presence of neutralizing IL1␤ antibody did little to reduce the area of high ICAM-1 expression during an HCMV infection (Fig. 4) . However, unlike the fluorescence emission, IL1␤ antibody together with TNF␣ antibody was more effective than TNF␣ antibody alone at reducing the area of high ICAM-1 expression (Fig. 4) . Taken in combination, the data suggest that TNF␣ is the major mediator of paracrine HCMV-induced ICAM-1 expression, whereas IL1␤ plays a minor role.
Neutralizing antibody was added in large excess, yet we were unable to completely block HCMV upregulation of ICAM-1 as determined by both fluorescence emission (Fig.  3 ) and high expression area (Fig. 4) . The involvement of another cytokine is possible; however, images show large colocalization of ICAM-1 and viral replication, suggesting a direct viral effect (Fig. 5D) . HCMV-Induced ICAM-1 Expression Is also a Direct Effect of Virus HCMV-induced ICAM-1 upregulation in human fibroblasts is direct and not mediated by inflammatory cytokine release [25, 34] . In fibroblasts, HCMV transactivators IE2-86 and pp71 synergistically induce ICAM-1 through the Sp1 binding site [35] . In order to determine whether only cells positive for HCMV replication express ICAM-1 after treatment with neutralizing antibodies, we carried out the infection experiments with gfp-CMV for 4 days, then examined whether there was any high ICAM-1 expression at a distance from GFP-positive cells (Fig. 5) . Cultures not treated with neutralizing TNF␣ and IL1␤ antibodies exhibited areas of high ICAM-1 expression away from (red) and at (yellow) sites of viral replication. The presence of TNF␣ antibody reduced ICAM-1 expression not colocalized with GFP (Fig. 5B) , whereas antibody to IL1␤ had little effect (Fig. 5C ). The combination of both antibodies was slightly more effective at neutralizing paracrine ICAM-1 expression than TNF␣ antibody alone (Fig. 5D) .
We next quantitated the high ICAM-1 staining on cells infected (ICAM-1ϩ/GFPϩ [yellow]) and not infected (ICAM-1ϩ/GFPϪ [red]) with HCMV. If the yellow (ICAM-1ϩ/GFPϩ) area was unaffected by antibodies to TNF␣ and IL1␤, then the upregulation of ICAM-1 was due to direct effects of the virus. Alternatively, if the antibodies decrease this compartment, it would suggest that HCMV upregulates ICAM-1 expression in infected cells largely by autocrine release of TNF␣ or IL1␤. We found that approximately 15% of the cell culture surface of ST-like cultures were positive for high ICAM-1 expression and HCMV, and that neutralizing antibodies did not change this percentage (Fig. 6A) . Thus, ICAM-1 expression in infected cells was independent of the concentration of TNF␣ and IL1␤ in the supernatant. However, when the area of ICAM-1 not associated with infection (ICAM-1ϩ/GFPϪ) was examined, it was reduced by the addition of antibodies (Fig. 6B ). Antibodies to TNF␣ and IL1␤ both reduced ICAM-1 expression (the former greater than the latter), and together, they almost completely reversed the paracrine effect of HCMV. This showed that the ICAM-1 upregulation on uninfected cells was almost entirely due to the release of TNF␣ and IL1␤ by the infection.
DISCUSSION
We hypothesized that ICAM-1 would be strongly expressed by the ST after HCMV infection. In this study, villous CT (by the criterion of absent MHC class I, MHC class II, and CD9) were differentiated to an ST-like culture with EGF [29] . Until induction with HCMV (and IFN␥), ST-like cultures expressed little ICAM-1. However, after induction with the virus, they expressed high levels on their apical surfaces within 24 h of exposure. Thus, HCMV infection of the villous ST can initiate an inflammatory cascade that could lead to enhanced monocyte binding to the ST surface, and thereby induce ST damage [16, 17] . This is the first report showing that HCMV infection induces ICAM-1 expression in primary trophoblast cultures.
HCMV exposure to vascular endothelial cells upregulates ICAM-1 [23, 24, 27, 35, 36] . However, whether the upregulation is due to virus alone or is mediated by paracrine release of IL1␤ is controversial [23, 24, 36] . Because villous trophoblasts are also vascular cells and upregulation of ICAM-1 on these cells can be induced by TNF␣, IL1␤, and IFN␥ [16] , we examined whether the upregulation of ICAM-1 by HCMV was paracrine (i.e., mediated by cytokines) or direct. We found that Ͻ15% of the cells were infected, but that Ͼ30% of the surface area expressed elevated levels of surface ICAM-1. Adding antibody to TNF␣ reduced the surface area that expressed ICAM-1 by greater than half. When examining cells not infected with HCMV, we determined that IL1␤ antibody could reproducibly reduce the expression of ICAM-1 alone, and in combination with antibody to TNF␣, it almost completely reversed paracrine induction. This indicated that HCMV upregulation of ICAM-1 on cells not infected with HCMV took place by paracrine release of TNF␣ and IL1␤. What this means in vivo is complicated by the ST being a single, continuous cell. The infected portion of the ST could secrete TNF␣ and IL1␤, which in turn, could act at a distance to induce ICAM-1. However, this remains to be proven and it is unclear how much this mechanism contributes to ICAM-1 expression in vivo.
In contrast, our results showing that high ICAM-1 expression on infected cells was significant and unaffected by antibody to TNF␣ and IL1␤ provide an unambiguous way for HCMV-1 to upregulate ICAM-1 on intact ST. Presumably, the autocrine contributions of the cytokines are subsumed by the direct effect of HCMV infection on ICAM-1 expression. A direct effect of HCMV on ICAM-1 expression is in accord with earlier observations in fibroblasts of HCMV IE2-86 and pp71, inducing ICAM-1 through the SP1 site [35] . However, this is the first report that HCMV both stimulates expression in a paracrine manner via cytokine release and directly in infected cells.
The rapid nature of HCMV-induced ICAM-1 expression suggests that an early event is responsible. Virus entry is the earliest event in the virus life cycle and has been shown to regulate transcription of a number of cellular genes in the absence of viral replication [11, [37] [38] [39] [40] [41] via cellular signaling receptors such as toll-like receptor (TLR)-2 [42] . Binding of the virus upregulates a number of transcription factors, including Sp1 [37] , which is known to regulate the promoter of ICAM-1 [35] . However, we have found that UV-inactivated virus does not alone stimulate significant surface ICAM-1, suggesting that viral gene transcription and translation are required. We have also shown that transfection with the viral IE genes IE-72, IE-55, and IE-86 upregulates ICAM-1 expression. This indicates that virus gene transcription to the IE stage is necessary and sufficient for ICAM-1 induction.
HCMV infection of placental trophoblast is associated with villous inflammation (villitis) [4, 5, 12, 13] , which is characterized by the focal loss of villous trophoblast [4] . We have previously suggested a mechanism whereby HCMV infection stimulates TNF␣ release and, subsequently, the rapid induction of apoptosis in uninfected neighboring cells [31] . This loss of the trophoblast would contribute to HCMV-related placental villitis. However, in this communication, we suggest an alternative, and perhaps complementary, mechanism. There is an accumulation of mononuclear phagocytes within placental lesions associated with HCMV [14, 43] and we have shown that binding of monocytes to cultured ST via ICAM-1 leads to TNF␣-mediated ST damage [17] . Infection would induce ICAM-1 expression on the ST, and this would bind monocytes to the ST. Thus, induction of ICAM-1 on the villous ST by HCMV infection could be an early step in trophoblast loss, which is characteristic of villitis.
Our current studies also have major implications for possible mechanisms of in utero transmission of HCMV from mother to fetus across the placenta. Infected villous trophoblasts release less than 5% of progeny virus [8] . Furthermore, progeny virus from productively infected polarized ST-like membrane cultures is released from the apical surface (toward the maternal circulation) [44] . Taken together, these observations do not support an infection and release model of vertical transmission. An alternative model is one in which vertical transmission occurs when the ST barrier has been damaged and thus compromised. Release of TNF␣ due to HCMV infection can directly deplete the underlying CT that has not yet been infected [31] . In this study we show that infection of ST-like cultures leads to ICAM-1 expression, which in turn, could lead to monocyte binding [16] and localized loss of the ST [17] . The combination of ST loss by monocyte binding and CT loss by release of TNF␣ can lead to local rupture of the villous trophoblast by HCMV. Such a model suggests that vertical transmission is secondary to villous trophoblast damage and is consistent with correlations between in utero transmission and placental villitis [45] .
